Physiological stress in the Eurasian badger (Meles meles): Effects of host, disease and environment by George, Shelia C. et al.
Physiological stress in the Eurasian badger (Meles meles): effects of host, disease and environment

Sheila C. Georgea, Tessa E. Smithb, Pól S. S. Mac Canaa, Robert Coleman,b,  William I. Montgomerya

aSchool of Biological Sciences, Queen’s University Belfast, Medical and Biology Centre, 97 Lisburn Road Belfast, BT9 7BL. 
bSchool of Biological Sciences, University College Chester, Parkgate Road, Chester CH1 4BJ

Corresponding author: Sheila George, sgeorge03@qub.ac.uk

ABSTRACT













   The Eurasian badger (Meles meles) is considered a key wildlife reservoir of bovine tuberculosis (bTB) in the UK and Ireland (Macdonald et al., 2006).  In badgers, bTB is evident primarily as a slowly progressive respiratory disease, though it can affect virtually all organ systems (Gallagher and Clifton-Hadley, 2000).  Badgers exhibit a containment phase in the early stages of infection, during which mortality rates are generally low.  However, a number of factors, including stress, may hinder the immune response to M. bovis and lead to chronic disease (Gallagher and Clifton-Hadley, 2000). Despite the wealth of published research on badgers, little is known about their physiology and, in particular, factors influencing stress levels. 
   Stress may be defined as a state in which physiological homeostasis is disrupted by exposure to a stressor (Nelson, 2000).  Stressors trigger increased activity of the hypothalamic-pituitary-adrenal (HPA) axis, concurrent with increased circulation of glucocorticoids (GCs) and stimulation of the sympathetic nervous system (Reeder and Kramer, 2005).  The relationship between stress and immune function has been widely researched (Brown et al., 1993; Elenkov and Chrousos, 1999; Nelson et al., 2002; Sapolsky et al., 2000) and is important in terms of disease control as chronic elevation of GCs can suppress immune function (Young et al., 2004). 
   The link between stress and disease in badgers is poorly understood but generally in mammals prolonged elevation of cortisol is known to inhibit production and activity of macrophages, T-lymphocytes and IFN-γ (Sapolsky et al., 2000), all of which are important components of the immune response to M. bovis (de la Rua-Domenech et al., 2006). Social instability (Kaiser and Sachser, 2005), territoriality (Gallagher and Clifton-Hadley, 2000; Wiepkema and Koolhaas, 1993), social hierarchies (Rogovin et al., 2003; Sachser et al., 1998;) and reproduction (Nelson et al., 2002), have all been linked to chronic stress in wild mammals, resulting in immunosuppression and an increase in disease prevalence.





   Sixty individual badgers were trapped at 15 social groups located in pastoral farmland and wooded areas of Co. Down, Northern Ireland, between February 2009 and September 2010.  Badgers were trapped in MAFF-type-2 cage traps, pre-baited daily for seven days prior to trapping in order to avoid trap shyness.  Traps were checked within an hour after sunrise but during the breeding season (February to April) traps were checked several hours after sunset in order avoid prolonged separation of lactating females from cubs.  Trapped badgers were restrained using a metal crush, allowing intramuscular injection of anaesthetic (approximately 0.2ml/kg body mass Medetomidine Hydrochloride (Domitor), Butorphanol Tartrate (Torbugesic) and Ketamine Hydrochloride (Vetalar) at a ratio of 1:2:2.  All badgers were microchipped with a unique numerical ID (AVID® sterile monoject, avidplc.com) at first capture for individual identification.  Microchips were read using AVID® MiniTracker microchip readers (avidplc.com).  Sex, age, body mass (kg) and length (cm) were recorded.    Establishing pregnancy status was not possible in the current study.  Therefore, reproductive status of females was determined by identifying signs of recent or ongoing lactation (extended teats).  Male testes length and width were recorded and used to ascertain dominance.  Tooth wear was scored 0, 0.25, 0.5, 0.75 or 1 depending on level of dentine exposure and used to estimate age (adapted from Hancox, unpublished article, cited in Neal, 1977).  Individuals with tooth wear of 0.25 or greater were classified as adults.  Yearlings had a tooth wear of 0-0.25 and were distinguished from young adults using data from previous capture.  Tooth wear of cubs was 0 and these were distinguished from yearlings using body mass (cub mass ranged from 2.4-6.6kg, yearling mass ranged from 5.6-10.7kg).  A body condition index was calculated using a simple regression of body mass against length of all animals caught in all seasons during the current study (Woodroffe and Macdonald, 1995a).  
   Badgers were trapped under licence from the Northern Ireland Environment Agency: (Licensee number: 1281Licence number: TSA/16/08) and anaesthetised and sampled under licence from the Department of Health and Social Services (Personal Licence number: PIL 1190b). All research was compliant with ethical procedures followed by Queen’s University of Belfast.
2.2.Sample collection and preparation
2.2.1.Faecal samples

   Faecal samples were collected from the floor of the trap.  Fresh faecal samples were also collected from badger latrines once a month.  All faecal samples were subsampled for cortisol analysis and bacterial culture and stored in plastic universal tubes at -20oC within 6 hrs of deposition.  Peanuts were used to bait traps and these formed the main component of badger faeces collected from trapped animals.  Therefore, care was taken to remove large peanut pieces from the sample before faeces was weighed.  Various extraction methods were trialled, testing specificity, accuracy, precision and sensitivity, to determine optimal faecal mass, volume of reconstitution medium, solvent type and solvent concentration for extracting and measuring cortisol in badger faeces.  The optimal method under the above criteria is reported here and is based on the principles of methods used previously for yellow baboons (Wasser et al., 2000).   Samples were prepared by weighing 0.5g faeces into individual, labelled, capped glass test tubes.  Within a fume cupboard, each sample was diluted 1:4 in ddH2O and 1:4 in diethyl ether.  Tubes were vortexed for 10 minutes.  Samples were then centrifuged for 10 minutes at 2000rpm.  The supernatant was pipetted off into a clean labelled test tube.  The supernatant was then evaporated off at 40oC and the remaining solute resuspended in 500µl 0.1M EIA phosphate buffered saline (PBS) (EIA PBS: 5.42g NaH2PO4H2O, 8.66g Na2HPO4 [Anhydrous], 8.7g NaCl, 1.0g BSA [RIA Grade Albumin Bovine], 1L dH2O, pH adjusted to 7.0).  Each tube was vortexed again for ten minutes and samples were aliquoted off into 500µl labelled minitubes.  Lids were added and samples were frozen at -20oC.  








   Antibody responses were measured in badger serum.  Sera were defrosted at room temperature immediately prior to testing using a lateral flow immunoassay.  A 5µl serum sample was placed on a labelled Brock TB Statpak (Chembio Diagnostic Systems, Inc., Medford, New York), followed by three drops of dilutent.  The Statpak was left for 20 minutes to develop.  A single line indicated that no antibodies to M. bovis were detected.   A double line represented a positive result and indicated prior exposure to M. bovis.  




  Faecal samples were defrosted and 5mls by volume of faeces placed in jars and vortexed for 15 seconds with 15ml of Phosphate Buffered Saline (PBS) (pH 7.4) and 5-8 glass beads and then stored in the fridge overnight at 4oC.  On day two, 5ml of 10% oxalic acid was added to centrifuge tubes for decontamination.  5ml sample was added to each tube.  Centrifuge tubes were then placed in a rotamixer in the incubator at 37oC for 10 minutes.   

2.3.2. Bite-wound swabs  

   Swabs were placed in centrifuge tubes containing 5ml PBS and the ends cut off to enable sealing of the tubes.  These were vortexed for 10-15 seconds.  The mixture in each of the centrifuge tubes was then poured into tubes containing 5ml 4% NaOH.  The swabs were discarded and the tubes vortexed for 10-15 seconds.  Tubes were placed in the rotamixer in the incubator at 37 oC for 15 minutes. 
2.3.3. Aspirate samples

   Aspirate samples were thoroughly agitated on a vortex mixer for approximately 30 seconds then decanted into 10ml Nunc Centrifuge tubes.  Tubes were centrifuged at 3000rpm for 15 minutes.  The supernatant was discarded into 10% Trigene solution.  The solvent was resuspended in 5ml sterile PBS and 5ml of 4% NaOH was added.  Tubes were placed in the rotamixer in the incubator at 37 oC for 15 minutes. 
   At this stage, all sample tubes were centrifuged at 3000rpm for 15 minutes and the supernatant was discarded into 10% Trigene solution.  The solvent was resuspended in 10ml PBS and centrifuged at 3000rpm for 15 minutes.  The supernatant was discarded in 10% Trigene solution.  The solvent was resuspended in 1ml PBS.  Mycobacterial growth indicator tubes (MGIT) were then inoculated with 0.8ml PANTA (antibiotic mixture) using a syringe and 0.5ml of sample using a pipette.  Samples were incubated in Bactec MGIT 960 for 56 days to test for growth.  Culture-positive samples were confirmed as M. bovis by spoligotyping and genotyped by VNTR analysis.  

2.4. Enzyme-immunoassay for cortisol

   Faecal cortisol concentrations were quantified using a modified version of an EIA described by Smith and French (1997).  The antibody R4866, raised against a steroid bovine albumin in rabbit (Munro and Stabenfeldt 1985) was diluted to 1:12,000 in coating buffer (1.59g NA2CO3, 2.93g Na2HCO3, 1L dH2O, pH adjusted to 9.6) and the cortisol horseradish peroxide was diluted to 1:22,000 in EIA PBS.  Stock cortisol standard of 100µg/mL stored at 4oC was used to make the ten cortisol standards, in halving dilutions from 1000pg/50µL to 1.98pg/50 µL.  Serum samples were run in duplicate and faecal samples were run in triplicate at a dilution of X and Y respectively, diluted in H2O.  The assay was immunologically validated for quantification of faecal cortisol and serum cortisol in badgers using the representative sample pools described above (Diamandus and Christopoulos 1996).  Serum samples, faecal samples from trapped badgers and faecal samples from latrines were run on separate plates.  
   Cross reactivity of the cortisol antibody was 100% with cortisol.  Cross reactivity with similar steroids was 9.9% with prenisolone, 6.3% with prednisone, 5.0% with cortisone, 0.7% with corticosterone and <0.3% with various other steroids (Munro and Stabenfeldt 1985).  Linear regressions of the displacement curves of serial dilutions of cortisol standard and the mixed faecal pool from trapped badgers, latrines and a mixed serum pool did not differ significantly over the 10 – 90% binding range inferring parallelism and assay specificity [F= 0.430, NS, F1,31 = 0.680, P = 0.416, NS and F1,14 = 0.002, NS respectively].  Recovery of the standards (halving dilutions in the range 500 - 3pg) added to a 1:32 serum dilution was 148.06% (+3.36) (R2 = 0.9924); added to 1:32 dilution of faeces from trapped badgers was 98.55% (+4.44) (R2 = 0.9976) and added to a 1:8 dilution of faeces from latrines was 105.54% (+4.93) (R2 = 0.9986).  Intra-assay coefficients of variation (N = 3) for HQC and LQC in serum were 3.2% and 2.14%; for faeces from trapped badgers, corresponding values were 4.29% and 2.16%; and for faeces from latrines, 2.94% and 1.50%,  respectively.  Inter-assay variation (N = 3) in serum was 13.25% for HQC and 10.56% for LQC; in faeces from trapped badgers this value was 5.49% for HQC and 7.83% for LQC; and, in faeces from latrines, corresponding values were 3.25% and 1.92%, respectively.   Sensitivity of the assay (N = 3), for serum was 7.3pg for faeces from trapped badgers was 6.2pg and in faeces from latrines was 6.5pg. 
   For practical, ethical and biosecurity reasons, it was not possible to physiologically validate the assay using ACTH challenge.  However, it is possible to biologically validate the assay by demonstrating that faecal glucocorticoids metabolites increase in response to stressful experiences (Setchell et al., 2008).   We predicted an inverse relationship between body condition and cortisol levels as in Sapolsky (2002). We demonstrated that faecal glucocorticoids increased in response to disease, as expected (Sapolsky, 2002), and were higher in individuals with poor body condition, as expected (Jeanniard du Dot et al., 2009), suggesting that the antibody is suitable for accurately measuring changes in hormone excretion indicative of physiological stress levels in badgers.
2.5. Statistical analyses






   Serum samples from 42 individuals were analysed (Table 1).  A mean of 21.71+3.34 ng/ml  cortisol was recovered from serum samples.  Serum cortisol levels were not significantly related to serological status (t= 0.633, P = 0.531) or culture status (t = 0.536, P = 0.5958).  Serum cortisol was significantly higher in spring (t = 2.085, P = 0.045) (Fig. 1).  Serum cortisol levels were not significantly related to age (t = 0.858, P = 0.398), sex (t = 0.258, P = 0.798), body mass (t = 0.427, P = 0.673), body condition (t = 1.427, P = 0.1636) or reproductive status of females (t = 0.273, P = 0.788).   
3.2.Faecal analysis (trapped Badgers)

   Faecal samples from 35 of the 42 trapped individuals were analysed (Table 2).  There was a mean of 40.8 + 4.9 ng/ml of cortisol in trapped faecal samples.  Sero-positive animals did not have higher cortisol levels than sero-negative animals (t = 0.260, P = 0.211) but cortisol levels were significantly higher in culture-positive animals than in culture-negative animals (t = 2.621, P = 0.015) (Fig. 2). Cortisol levels were significantly higher in summer (t = 2.961, P = 0.007) (Fig. 3) and in individuals with lower body condition (t = -2.183, P = 0.039).   Faecal cortisol levels were not significantly associated with age (t = 0.249, P = 0.8060), sex (t = 0.646, P = 0.525), reproductive status of females (t = -1.300, P = 0.2258) or tooth wear (t = 0.244, P = 0.947).  There was no significant difference in cortisol levels between woodland and grassland groups (t = 0.182, P = 0.672).  

3.3. Faecal analysis (latrines)
Forty one faecal samples from badger latrines from 13 territories were analysed (19 from grassland and 22 from woodland).  There was an average of 9.97+1.35 ng/ml cortisol in latrine faecal samples.  There was no significant difference in cortisol levels between seasons (t = 0.384, P = 0.703), but grassland groups had significantly higher cortisol levels than woodland groups (t = -3.047, P = 0.004), at 11.5+ 1.56 ng/ml and 6.6 + 1.02 ng/ml respectively (Fig. 4).  

4. Discussion
   The current study describes the successful validation of a cortisol enzyme immunoassay measuring cortisol in badger serum and faeces by demonstrating specificity, accuracy, precision and sensitivity (Diamondus and Christopoulos, 1996).  We also investigate the physiological effects of a range of stressors in badgers for the first time.  Analysis of specificity demonstrated that cortisol in badger serum, trapped faeces and latrine faeces were all immunologically similar to the commercial standard.  Recovery of cortisol from serum was consistently high and precision and sensitivity of the assay were well within acceptable levels (Diamondus and Christopoulos, 1996).  Peanuts used to bait traps were thought to have interfered with the faecal cortisol assay.  When peanuts were removed from faecal samples, recovery of cortisol from both trapped and latrine faecal samples was close to 100%.  Again, precision and sensitivity were well within acceptable limits (Diamondus and Christopoulos, 1996) and it is concluded that the enzyme immunoassay accurately measures cortisol levels in both serum and faecal samples.  Validation of this method is a significant step towards improving our understanding of badger physiology and the potential conservation and biosecurity implications of environmental, biological and human-induced stressors.
   The lack of a relationship between serological disease status and serum cortisol could indicate that prior exposure to M. bovis is not enough to promote a physiological stress response.  There was no relationship between culture status and cortisol levels either and we would expect chronic disease to cause elevated cortisol levels.  However, care must be taken when drawing conclusions on serum cortisol.  The process of capture, handling and blood sampling can promote a stress response (Buchanan and Goldsmith, 2004), increasing plasma GC levels within minutes (Dehnhard et al., 2001), which could mask underlying patterns.  
   Serum cortisol levels varied with season, peaking in spring.  A number of mammal species exhibit seasonal patterns in cortisol production (Hogan et al., 2012; Ingram et al., 1999; Lewanzik et al., 2012; Menargues Marcilla et al., 2012).  Such patterns are often observed in mammals with a well-defined breeding season (Hogan et al., 2012).  In badgers, mating takes place in spring and early summer, blastocyst implantation is delayed until December and young are born in February (Roper, 2010).  The breeding season can be physiologically stressful for males (Klein, 2000) and females (Houdijk et al., 2007) but there was no significant relationship between reproductive status and cortisol. The strong spring peak in serum cortisol was not evident in faecal cortisol so it is possible that the peak in spring represents a change in sampling procedure.  For ethical reasons, badgers were processed much sooner after capture during the breeding season than during the rest of the year.  Therefore, high serum cortisol levels in spring may indicate that trapping stress is greater in the initial period after capture.  Hence, it may be less stressful to process trapped badgers the morning after capture at a time when they would naturally be less active.
   Serum cortisol levels were not significantly different between sexes, in contrast to e.g. Myers et al., (2010) but in agreement with Hogan et al. (2012), Lewanzik et al. (2012) and McKenzie and Deane (2005).  Nor was there a significant relationship between serum cortisol and body mass, or body condition.  However, capture stress could result in elevated serum cortisol levels, masking underlying patterns.     
   Faecal cortisol was not related to serological bTB status, indicating that prior exposure to M. bovis is not enough to promote a physiological stress response.  Wilkinson et al. (2000) reported that mortality rates of animals that were sero-positive but culture-negative, were no different from uninfected animals.  Badgers may become desensitised to mycobacterial infections by constant exposure to low levels of environmental mycobacteria in the soil (Corner et al., 2010) and the lack of a stress response suggests that badgers cope well with exposure to the disease.  However, faecal cortisol was significantly higher in individuals testing culture-positive for M. Bovis.  There are two possible explanations for this: disease progression may trigger a stress response; or elevated cortisol due to other stressors suppresses immune function and enables infection to progress.  Establishing causation will not be possible without further investigation into the relationship between immune responses and cortisol levels.  However, this effect is significant in terms of disease control, because elevated cortisol in culture-positive individuals is likely to inhibit immune function.  Glucocorticoids inhibit production, secretion or efficacy of cytokines and a wide range of other mediators of the immune response, including IFN-γ, IL-2, lymphocytes, eosinophils, basophils and monocytes (Sapolsky et al., 2000).  IL-2 and IFN-γ have both been linked to responses to M. bovis in cattle (Rhodes et al., 2001).  Immunologically compromised badgers, with an inability to contain the infection may become super excretors, animals which continue to excrete bacilli (Wilkinson et al., 2000) and mortality rates are significantly higher in culture-positive badgers that in sero-positive or bTB-free individuals (Wilkinson et al., 2000).  Badger culling is one of the main methods proposed for controlling bTB in the UK and Ireland, despite research suggesting that it is not a viable option for long-term control of bTB in cattle (Bourne, 2007).  Badger removal is likely to induce chronic stress in survivors due to social perturbation and, given our poor understanding of the physiological or epidemiological implications of such actions, further investigation is required before culling is deployed over greater areas.  
   Faecal cortisol levels were higher in the summer.   This is in contrast to the pattern observed in serum and makes it difficult to validate serum and cortisol results against each other.  This may indicate that the metabolites measured in faeces poorly reflect bioactivity.  However, individuals with lower body condition also had elevated faecal cortisol. Body condition is lowest in summer, corresponding with lower food availability (Rogers et al., 1997), so the pattern may represent nutritional stress.  High levels of cortisol have been associated with low feeding rates in wild L. catta (Cavigelli, 1999; Pride, 2005), lactating chimpanzees (Emery Thompson et al., 2010), chacma baboons (Weingrill et al., 2004) and elephants (Foley et al., 2001), and low body condition in Stellar sea lions (Jeanniard du Dot et al. 2009). Cortisol mediates the metabolism of energy reserves via hepatic glucose release, lipolysis of adipose tissue and diverts this glucose and fatty acids to skeletal muscle and the brain.  Therefore, high cortisol levels in animals with low feeding rates probably reflects the reliance on the metabolism of fat deposits for energy rather than consumed food (Sapolsky et al., 2000).  It is important to note that diet can influence measurements of glucocorticoids metabolites in faeces.  Seasonal variation in diet may be responsible for the seasonal patterns reported in some species (Millspaugh and Washburn, 2004).  However, this source of variation was eliminated in the current study because badgers were fed peanuts every day for seven days prior to each trapping event.  Therefore, peanuts were the primary component of all faecal samples collected from trapped badgers and dietary source is unlikely to be responsible for the seasonal patterns observed.
   As with serum cortisol, no sex differences were found in faecal cortisol levels.  Cortisol was not related to reproductive status, in contrast to findings for other mammal species (Goymann et al., 2001).  This may be because progesterone decreases glucocorticoid responses during oestrus, pregnancy and lactation (Owen et al., 2004).  Reproductive failure is high in female badgers (Woodroffe and Macdonald, 1995b) and has been linked to reproductive suppression by dominant females (Woodroffe and Macdonald, 1995b).  Reproductive failure is difficult to determine by non-destructive methods but reproduction could be equally stressful for reproductively successful and unsuccessful females, due to the energetic costs of lactation in breeding females (Goymann et al., 2001) and reproductive suppression of reproductively unsuccessful females (Carpenter et al., 2005).     
   Latrine faecal cortisol was higher in grassland groups than in woodland groups.  The position of grassland setts at field margins on private land leaves them open to various forms of disturbance, such as use of farm machinery, livestock, scrub clearance and building works, all of which were observed at grassland groups and were absent at woodland groups.  Logging activity and distance from major logging roads have been linked to elevated stress hormone levels in the Northern spotted owl (Wasser et al., 1997).  Furthermore, Jenkinson and Wheater, (1998), suggest that public access, as is present at the woodland site, may actually offer protection from disturbance because regular public surveillance acts as a deterrent.   Further investigation, with larger sample sizes in social groups with different levels of disturbance and different habitat types would be of benefit if we are to determine whether this relationship is due to disturbance or due to environmental or social differences between habitats.  All sero-positive and culture-positive individuals in the current study were found in woodland groups, indicating that individuals in the grassland groups investigated had not had prior exposure to M. bovis.  However, elevated cortisol levels in latrine samples could make grassland groups more susceptible to disease progression, due to stress-induced immunosuppression, if exposed to infection with significant implications for disease control in cattle.  
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Table 1 Number, age, reproductive and disease status of trapped individuals in each habitat for which serum cortisol was measured
Table 2 Number, sex, age, reproductive and disease status of trapped individuals in each  habitat for which faecal cortisol was measured

Figures
Figure 1 Seasonal changes in mean serum cortisol (ng/ml) with standard errors.
Figure 2 Trapped faecal cortisol (ng/ml) of individuals testing culture-positive and culture-negative, with standard errors.
Figure 3 Seasonal variation in mean faecal cortisol levels (ng/ml) in both males and females, with standard errors.
Figure 4 Latrine faecal cortisol (ng/ml) in woodland and grassland groups, with standard errors.




